The oxidative conversion of LDL into an atherogenic form is considered a pivotal event in the development of cardiovascular disease. Recent studies have identified reactive nitrogen species generated by monocytes by way of the myeloperoxidase-hydrogen peroxide-nitrite (MPO-H 2 O 2 -NO 2 -) system as a novel mechanism for converting LDL into a high-uptake form (NO 2 -LDL) for macrophages. We now identify the scavenger receptor CD36 as the major receptor responsible for high-affinity and saturable cellular recognition of NO 2 -LDL by murine and human macrophages. Using cells stably transfected with CD36, CD36-specific blocking mAbs, and CD36-null macrophages, we demonstrated CD36-dependent binding, cholesterol loading, and macrophage foam cell formation after exposure to NO 2 -LDL. Modification of LDL by the MPO-H 2 O 2 -NO 2 -system in the presence of up to 80% lipoprotein-deficient serum (LPDS) still resulted in the conversion of the lipoprotein into a highuptake form for macrophages, whereas addition of less than 5% LPDS totally blocked Cu 2+ -catalyzed LDL oxidation and conversion into a ligand for CD36. Competition studies demonstrated that lipid oxidation products derived from 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine can serve as essential moieties on NO 2 -LDL recognized by CD36. Collectively, these results suggest that MPOdependent conversion of LDL into a ligand for CD36 is a likely pathway for generating foam cells in vivo. MPO secreted from activated phagocytes may also tag phospholipid-containing targets for removal by CD36-positive cells.
oxidation products was observed during mass spectrometric analyses of early atherosclerotic lesions in humans (13) , though in a similar study significant increases were observed in advanced lesions (14) .
We described recently an alternative pathway for converting LDL into a form capable of promoting macrophage foam cell formation that involves oxidative modification of LDL by myeloperoxidase-generated (MPO-generated) reactive nitrogen species (15) . MPO is an abundant constituent of monocytes, neutrophils, and certain subpopulations of tissue macrophages (16) . This heme protein uses hydrogen peroxide (H 2 O 2 ) as cosubstrate to generate a variety of reactive oxidants and diffusible radical species (17) (18) (19) (20) (21) (22) . Immunohistochemical and mass spectrometric studies demonstrate that MPO and multiple distinct oxidation products formed by MPO are enriched in human atheroma (23) (24) (25) (26) . Moreover, nitrating oxidants derived from nitric oxide (nitrogen monoxide, NO), a long-lived free radical generated by arterial wall cells, are formed at sites of vascular disease (25, 27) . Exposure of LDL to either monocyte- (28) or MPO-generated (15) reactive nitrogen species results in nitration of apo B-100 tyrosyl residues and initiation of LDL lipid peroxidation. Similar biochemical characteristics (i.e., enhancement in nitrotyrosine and products of lipid peroxidation) have been reported for LDL recovered from human atherosclerotic lesions (25, 26, 29, 30) . Modification of LDL by monocytes activated in the presence of physiological levels of nitrite (NO 2 -), a major end product of NO metabolism, results in MPOdependent conversion of the particle into a form (NO 2 -LDL) that binds to murine and human macrophages with high affinity in a concentration-dependent and saturable manner (15) . These binding characteristics are consistent with a receptor-mediated process; however, neither the macrophage receptor(s) nor the moiety(ies) on NO 2 -LDL responsible for macrophage binding and foam cell formation have been established.
A variety of scavenger receptors expressed on macrophages have been described. Among these, the scavenger receptor class A (SR-A) and CD36 are thought to be major receptors expressed on tissue-differentiated macrophages (8, 10) . A contributory role for SR-A in atherogenesis has been supported recently by studies with SR-A-receptor knockout mice; however, the reductions in lesions noted were modest, suggesting that alternative scavenger receptors are also likely involved (31, 32) . CD36 is a 88-kDa glycoprotein that binds copper-oxidized LDL (Cu 2+ -oxLDL) (33, 34) , fatty acids (34) , anionic phospholipids (35) (36) (37) , and apoptotic cells (38) and serves as an adhesion receptor for collagen (39) , thrombospondin (40, 41) , Plasmodium falciparum-infected erythrocytes (42) , and shed photoreceptor outer segments (43) . CD36 also mediates the antiangiogenic effects of thrombospondin 1 and 2 on microvascular endothelial cells (41) . Recent studies with CD36-null mice demonstrated that this scavenger receptor is intimately involved in lipoprotein and fatty acid metabolism in vivo (42) . In addition, functional roles for CD36 in processing apoptotic cells by dendritic cells, differentiation of monocytes, accumulation of lipid in macrophages, fatty acid transport, and the induction of nuclear receptors such as the peroxisome proliferator-activated receptor γ (PPARγ) have been suggested (38, (43) (44) (45) (46) . Recent studies have also shown that lipoprotein lipids can upregulate the expression of the CD36 gene and protein (47, 48) . Although a role for CD36 in atherogenesis in humans has not yet been established, multiple lines of evidence suggest that it plays a role in lipid accumulation and macrophage foam cell formation in vitro and in vivo (44, 49, 50) .
Here we use multiple approaches, including cells transfected with either the SR-A type I (SR-AI) or the scavenger receptor CD36, macrophages from mice homozygous for a null mutation in the allele for CD36, and CD36-specific blocking mAbs, to identify the receptor(s) that recognizes the novel, high-uptake form of nitrated and oxidized LDL, NO 2 -LDL, in human and murine macrophages.
Methods

Materials.
Tissue culture media and additives were purchased from Life Technologies (Rockville, Maryland, USA). Na[ 125 I] and [ 14 C]oleate were supplied by ICN Pharmaceuticals, Inc. (Costa Mesa, California, USA). C57BL/6 mice (16-20 weeks of age) were purchased from the Trudeau Institute (Saranac Lake, New York, USA). 1-Hexadecanoyl-2-eicosatetra-5′,8′,11′,14′-enoylsn-glycero-3-phosphocholine (PAPC), 1-hexadecanoyl-2-octadec-9′-enoyl-sn-glycero-3-phosphocholine (POPC), and 1-hexadecanoyl-2-octadecadi-9′,12′-enoylsn-glycero-3-phosphocholine (PLPC) were purchased from Avanti Polar Lipids (Alabaster, Alabama, USA). All other reagents were obtained from Sigma Chemical Co. (St. Louis, Missouri, USA) unless specified otherwise.
General procedures. Human myeloperoxidase (donor: hydrogen peroxide, oxidoreductase, EC 1.11.1.7) and LDL were isolated and quantified as described (15) . LDL concentrations are expressed as milligrams of protein per milliliter. All buffers were treated with Chelex-100 resin (Bio-Rad Laboratories Inc., Hercules, California, USA) and supplemented with diethylenetriamine pentaacetic acid (DTPA) to remove trace levels of transition metal ions that might catalyze LDL oxidation during incubations. LDL was labeled with Na[ 125 I] to a specific activity between 100 and 250 dpm/ng protein as described (51) . Agarose gel electrophoresis, quantifying remaining lysine groups, LDL acetylation, and cholesteryl [ 14 C]oleate synthesis by cells incubated with the indicated lipoproteins (75 µg/mL), were determined as described (15) . Human peripheral blood monocytes used for LDL oxidation were isolated by elutriation (52) . The contents of nitrotyrosine and total 9-H(P)ETE (9-hydroxy-eicosatetraenoic acid + 9-hydroperoxyeicosatetraenoic acid) or 9-H(P)ODE (9-hydroxy-10,12-octadecadienoic acid + 9-hydroperoxy-10,12-octadecadienoic acid) were determined by gas chromatography mass spectrometry (GC/MS) (53) and reverse-phase HPLC with on-line tandem mass spectrometry (LC/MS/MS) (28), respectively.
Lipoprotein modification. LDL modified by MPO-generated nitrating intermediates (NO 2 -LDL) was typically formed by incubating LDL (0.2 mg protein/mL) at 37°C in 50 mM sodium phosphate, pH 7.0, 100 µM DTPA, 30 nM MPO, 100 µg/mL glucose, 20 ng/mL glucose oxidase, and 0.5 mM NaNO 2 for 8 hours unless otherwise specified. Under these conditions, a constant flux of H 2 O 2 (10 µM/h) is generated by the glucose/glucose oxidase (GGOx) system, as determined by the oxidation of Fe(II) and formation of Fe(III)-thiocyanate complex (21) . Oxidation reactions were terminated by addition of 40 µM butylated hydroxytoluene (BHT) and 300 nM catalase to the reaction mixture.
LDL modification by monocytes was performed by incubating monocytes (10 6 /mL) with LDL (0.2 mg/mL) in HBSS (magnesium, calcium, phenol, and bicarbonate-free, pH 7.20) supplemented with DTPA (100 µM) for 8 hours at 37°C in the presence of the additions or deletions indicated. PMA (200 nM final concentration) was added to monocytes as an agonist to initiate a respiratory burst and to promote MPO secretion. Reactions were terminated by addition of BHT (20 µM) and pelleting of cells at 0°C. Oxidation of LDL (0.2 mg/mL) by Cu 2+ was performed by dialysis versus 5 µM CuSO 4 in PBS for 24 hours at 37°C unless otherwise indicated. Oxidation was terminated by addition of BHT (40 µM) and DTPA (100 µM) and dialysis against PBS containing DTPA (100 µM).
Cells. Thioglycolate-elicited mouse peritoneal macrophages (MPM) from wild-type (C57BL/6) and CD36-null mice (42) were isolated and cultured as described (15) . Resident MPM were similarly harvested from mice not subjected to thioglycolate stimulation. Human foreskin fibroblasts were cultured as described previously (54) . Chinese hamster ovary (CHO) cells expressing mouse SR-AI (CHO-mSR-AI) and control vector-transfected, parental LDL receptor-negative CHO cells were a generous gift of M. Krieger (MIT, Boston, Massachusetts, USA) (55) . Experiments with CHO-mSR-AI were performed on confluent cell monolayers in Ham's F-12 medium containing 3% lipoprotein-deficient fetal calf serum, BHT (20 µM), DTPA (100 µM), and catalase (300 nM). Embryonic kidney epithelial cells transformed with adenovirus, 293 cells, were obtained from ATCC (Rockville, Maryland, USA) and maintained in DMEM with 5% FCS. The human CD36 cDNA was cloned into the pcDNA1/Neo expression vector (Invitrogen Corp., Carlsbad, California, USA) as described previously (56) . The 293-transfected cells were grown in the presence of G418 (500 µg/mL), clones were isolated, and expression of CD36 was confirmed by FACS analysis using the mAb FA6-152 (Immunotech, Westbrook, Maine, USA). Human monocyte-derived macrophage (hMDM) culturing (10-14 days), and lipoprotein uptake, degradation, and binding by cultured cells, was performed as described (15) . Experiments with 293 cells and hMDM were performed on confluent cell monolayers in the appropriate culturing media containing 200 µg/mL LDL, BHT (20 µM), DTPA (100 µM), and catalase (300 nM). Flow cytometry studies demonstrated that no significant SR-AI was expressed on the surface of 293 cells and fibroblasts. Likewise, no significant surface expression of CD36 was noted on the CHO cells transfected with mSR-AI or fibroblasts.
Vesicle and liposome preparation. Stock solutions (2 mg/mL) of small unilamellar vesicles comprised of PAPC, PLPC, or POPC were prepared in argon-sparged sodium phosphate buffer by extrusion (10 times) through a 0.1-µm polycarbonate filter using an Avanti Mini-Extruder Set (Avanti Polar Lipids Inc.) at 37°C. Vesicles were diluted to a final concentration of 0.2 mg lipid/mL and incubated with MPO (30 nM), glucose (100 µM), and glucose oxidase (100 ng/mL) in the presence or absence of NaNO 2 (0.5 mM) at 37°C under air as described in the figure legends. Under these conditions, a constant flux of H 2 O 2 (0.80 µM/min) was generated by the GGOx system. Reactions were stopped by addition of BHT (50 µM) and catalase (300 nM). Liposomes containing BSA were similarly prepared using lipids supplemented with BSA (2 mg/mL) before extrusion. In some experiments, hydroperoxide-free PAPC was used. Trace levels of any potential contaminating hydroperoxides in commercial PAPC preparations were removed by reduction with 1 mM SnCl 2 , reisolation of PAPC under argon atmosphere, and then immediately used in vesicle formation as above.
Liposomes from lipid extracts of native LDL and NO 2 -LDL were prepared by a modification of the method described by Terpstra and colleagues for Cu 2+ -oxLDL (57) . Briefly, lipids were extracted 3 sequential times by the method of Bligh and Dyer (58) from native LDL and NO 2 -LDL preparations immediately after saturating amounts of solid NaCl were added (to enhance lipid extraction). The combined extracts were evaporated under nitrogen, hydrated in argon-sparged buffer, vortexed, and extruded through polycarbonate filters under argon atmosphere as described above. Delipidated apo B-100 from modified lipoproteins was solubilized in n-octylglucoside microemulsions (59) . Statistics. Data represent the mean plus or minus SD of the indicated number of samples. Statistical analyses were made using a paired Student's t test. For all hypotheses the significance level was 0.05. When multiple comparisons were made, a Bonferroni correction to the significance criterion for each test was made.
Results
The scavenger receptor CD36 recognizes LDL modified by activated human monocytes.
[ 125 ]LDL incubated in the presence of activated human monocytes in media containing NO 2 -was readily converted into a form that bound to 293 cells expressing CD36, but not to control vector-transfected 293 cells (Figure 1a , complete system). In contrast, LDL modified by the complete system of their control vector-transfected counterparts ( Figure  2a) . Conversion of LDL into a ligand for CD36 by isolated MPO had an absolute requirement for NO 2 -and occurred in both the presence (not shown) and absence of chloride in buffer (Figure 2a) . Examination of the NO 2 -concentration dependence for MPO-dependent conversion of LDL into a ligand for CD36 (in the presence of plasma levels of chloride) demonstrated that levels of NO 2 -that approximate those commonly observed in normal plasma and inflammatory tissues and fluids (up to 50 µM) converted the lipoprotein into a ligand for the scavenger receptor (Figure 2b and inset). Collectively, these results suggest that under conditions in which MPO-generated oxidants are formed by a physiological flux of H 2 O 2 , the reactive nitrogen species formed by the MPO-H 2 O 2 -NO 2 -system are sufficient to convert LDL into a ligand for CD36. Because MPO-generated HOCl can modify lipid and protein components of lipoproteins (26, (61) (62) (63) , but is not required for MPO-dependent conversion of LDL into a ligand for the scavenger receptor CD36, subsequent studies characterizing the biological consequences of NO 2 -LDL engagement of CD36 and the structural nature of the ligand(s) responsible for CD36 recognition were performed on LDL modified under chloride-free conditions, unless otherwise indicated.
Additional evidence for the specificity of CD36-mediated recognition of NO 2 -system (15, 21, 22, 28) was responsible for lipoprotein conversion into a ligand for CD36. They also demonstrate that under the conditions employed, monocyte-generated ONOO -and HOCl are not sufficient to convert the lipoprotein into a stable ligand for either the scavenger receptor CD36 or SR-AI. To more fully explore the mechanism(s) through which monocytes transform LDL into a ligand for CD36, we modified LDL using a model system comprised of purified MPO and an H 2 O 2 -generating system. [ 125 I]LDL exposed to MPO isolated from human leukocytes, a H 2 O 2 -generating system (GGOx), and NO 2 -was transformed into a form (NO 2 -LDL) that readily bound to CD36-transfected 293 cells, but not to -and phorbol ester-stimulated human monocytes at 37°C for 8 hours (complete system) as described in Methods. Additions or deletions to the complete system were as indicated. Reactions were stopped by addition of BHT (40 µM) and catalase (300 nM), the cells were pelleted, and then lipoproteins (5 µg/mL) were incubated with either (a) CD36-or vector-transfected 293 cells or (b) murine SR-AI-or vector-transfected CHO cells at 37°C for 5 hours in the appropriate media containing additional catalase (300 nM) and BHT (20 µM). Cellular binding of lipoproteins at 4°C was subsequently determined as described in Methods. The final concentrations of additions to the complete system were catalase (300 nM) and 3-aminotriazole (1 mM). Data represent the mean ± SD of triplicate determinations of a representative experiment performed 3 times. A P < 0.001 for complete system versus complete system-NO 2 -. Atz, 3-aminotriazole; Mono, human peripheral blood monocytes.
the MPO-H 2 O 2 -NO 2 -system. The increase in NO 2 -LDL recognition was accompanied by an increase in relative electrophoretic mobility (REM) (> 1.44 beyond 8 hours' incubation; Figure 4 legend) and a decrease in free N ε -amino groups of lysine on LDL apo B-100 (> 20% reduction beyond 8 hours' incubation). No increase in SR-AI-dependent binding was observed in LDL incubated shown). Finally, the anti-CD36 blocking mAb, FA6 (64), significantly inhibited binding of monocyte-and MPO-generated NO 2 -LDL to CD36-transfected cells, whereas isotype-matched nonimmune antibody had no effect ( Figure 3) . 2 -system. We have demonstrated previously that with increasing exposure time of LDL to the MPO-H 2 O 2 -NO 2 -system, the degree of LDL modification increases (15) . We therefore examined the time course of LDL conversion into a high-uptake form after exposure to MPO, NO 2 -, and a low, steady flux (10 µM/h) of -for up to 24 hours of modification (Figure 4a ). These results suggest that the ligand for CD36 on NO 2 -LDL is formed rapidly upon exposure of LDL to MPO-generated reactive nitrogen species.
Time course for acquisition of scavenger receptor recognition, and loss of LDL receptor recognition, of LDL modified by the MPO/GGOx/NO
Neutralization of N ε -amino groups of lysine on apo B-100 of LDL is regarded as critical for recognition of modified forms of LDL by SR-A (65). After exposure to the MPO-H 2 O 2 -NO 2 -system, however, the content of free amino groups on apo B-100 in LDL demonstrates only modest decreases with time (∼13.6 % reduction at t = 4 hours; Figure 4 legend). Consistent with these findings, no SR-AI-mediated binding of NO 2 -LDL was observed for up to 6-8 hours of LDL modification (Figure 4b) . Recognition of NO 2 -LDL by SR-AI rapidly increased after prolonged (> 8 hours) modification by -(0.5 mM) in sodium phosphate buffer supplemented with DTPA (100 µM) for 8 hours at 37°C (complete system, NO 2 -LDL) as described in Methods. Reactions were stopped by addition of BHT (40 µM) and catalase (300 nM), and then lipoproteins (5 µg/mL) were incubated with CD36-or vector-transfected 293 cells at 4°C for 3 hours in the appropriate media containing additional catalase (300 nM) and BHT (20 µM). LDL modified by dialysis against copper for 5 hours (Cu 2+ oxLDL, 5 µg/mL) was used as a positive control. Cellular binding of lipoproteins was subsequently determined as described in Methods. A P < 0.001 for comparison versus LDL modified in the presence of MPO-and a H 2 O 2 -generating system (MPO/GGOx/LDL). (b and inset) [ 125 I]LDL (0.2 mg/mL) was incubated with isolated human MPO (30 nM), glucose (100 µM), glucose oxidase (20 nM), and the indicated concentrations of NO 2 -in sodium phosphate buffer supplemented with DTPA (100 µM) and NaCl (100 mM) overnight at 37°C. Cellular binding of lipoproteins (10 µg/mL) was subsequently determined as described in Methods. Data represent the mean ± SD of triplicate determinations of a representative experiment performed 3 times. for 24 hours with MPO and H 2 O 2 in the absence of NO 2 - (Figure 4b ). The more prolonged exposure required before conversion of LDL into a ligand for SR-AI suggests that this receptor will play a role in NO 2 -LDL recognition only after more extensive oxidative modification.
Because the LDL receptor (LDLR) is expressed on hMDMs (66), we also assessed the ability of NO 2 -LDL to be recognized by this receptor. Exposure of LDL to MPO, NO 2 -, and an H 2 O 2 -generating system, resulted in rapid loss of lipoprotein recognition by human foreskin fibroblasts that had been preincubated for 24 hours in media containing lipoprotein-deficient serum (LPDS) to upregulate the LDL receptor (Figure 4c) . Thus, the binding site for LDLR on apo B is very sensitive to oxidation by the MPO-H 2 O 2 -NO 2 -system; furthermore, the LDLR does not contribute to the binding and uptake of NO 2 -LDL in MPMs and hMDMs. Collectively, these results suggest that brief exposure of LDL to the MPO-H 2 O 2 -NO 2 -system of monocytes will likely result in the prolongation of lipoprotein half-life by rapid loss of LDLR recognition.
LDL is converted into a ligand for CD36 in the presence of serum by MPO-generated reactive nitrogen species. To assess the potential physiological relevance of LDL conversion into a ligand for CD36 by the MPO-H 2 O 2 -NO 2 -system of monocytes, we compared the influence of serum constituents on lipoprotein modification by isolated MPO versus Cu 2+ -catalyzed oxidation. Addition of 30% LPDS to LDL in buffer containing plasma levels of chloride, isolated human MPO, a H 2 O 2 -generating system and NO 2 -only partially attenuated conversion of the lipoprotein into a high-uptake form for MPM (Figure 5a ) and the scavenger receptor CD36 (Figure 5b) . Similar results were observed in reactions where LDL was oxidized by MPO in buffer free of plasma levels of chloride (data not shown), consistent with the critical role of the MPO-H 2 O 2 -NO 2 -system (and not HOCl or NO 2 Cl) in rendering LDL a ligand for CD36. In a parallel experiment, addition of up to 80% LPDS to reaction mixtures containing LDL, human MPO, and the H 2 O 2 -generating system, failed to block NO 2 --dependent conversion of the lipoprotein into a high uptake form for MPM (Figure 5c ). In stark contrast, addition of only 5% LPDS to LDL dialyzed against Cu 2+ totally prevented conversion of the lipoprotein into a form recognized by either MPM or CD36-transfected cells ( Figure 5, a and b) . These results suggest that the MPO-H 2 O 2 -NO 2 -system is a physiologically plausible mechanism for converting LDL into a ligand for the scavenger receptor CD36.
CD36 plays a major role in the recognition of NO 2 -LDL by MPM. Several scavenger receptors for modified lipoproteins are present on macrophages including SR-AI, CD36, and others (8, 10) . The relative contribution of these receptors to macrophage recognition of NO 2 -LDL depends on both their relative affinities for the modified lipoprotein and on the extent of their surface expression. To define the relative contribution of CD36 to the recognition of NO 2 -LDL by macrophages, we compared the binding (4°C), uptake (37°C), and degradation (37°C) of the modified lipoprotein using MPM recovered from mice homozygous for a null mutation in CD36 (CD36 -/-) and from wild-type mice possessing isogenetic backgrounds (CD36 +/+ ) (42). Binding (Figure (Figures 4a and Figure 6 ). In contrast, binding, uptake, and degradation by CD36 -/-cells was negligible for the first 8 hours of modification by the MPO-H 2 O 2 -NO 2 -system, and only modest increases were noted after LDL modification for longer periods ( Figure 6 ). This likely reflects a nominal contribution of SR-AI to NO 2 (Figure 7, a and c) . However, foam cell -in 50 mM phosphate buffer (pH 7.40) supplemented with 100 mM NaCl and 100 µM DTPA overnight at 37°C, and then the extent of lipoprotein uptake by MPM was determined as described in Methods. Each experimental point represents the mean ± SD for triplicate determinations of a representative experiment performed at least 3 times.
formation in similarly treated CD36 -/-MPM was almost completely inhibited ( Figure 7, b and d CD36 plays a significant role in the recognition of NO 2 -LDL in hMDMs. To determine the relative contribution of the macrophage scavenger receptor CD36 in the recognition of NO 2 -LDL by hMDMs, we initially examined NO 2 -LDL binding and uptake to cells in the presence and absence of the anti-CD36 blocking mAb FA6 (64) . Incubation of NO 2 -LDL with hMDMs in the presence of FA6 resulted in a 41% (± 2%) reduction in binding and 32% (± 3%) reduction in uptake of NO 2 -LDL, whereas isotype-specific nonimmune antibody had no effect (Figure 8a ). Addition of a 40-fold excess of -NO 2 LDL failed to block NO 2 -LDL binding or uptake by hMDM (data not shown). To further confirm the biological significance of CD36-mediated uptake of NO 2 (Figure 9a ). Lipo-
Figure 6
Time dependence of LDL recognition by macrophages from wild-type mice and CD36-null mice after exposure to the MPO-H 2 O 2 -NO 2 -system. [ 125 I]LDL was incubated with isolated human MPO, a H 2 O 2 -generating system (GGOx), and NO 2 -in sodium phosphate buffer (50 mM, pH 7.0) supplemented with DTPA (100 µM) for the indicated times as described in Methods. Binding (a) at 4°C and degradation (b) at 37°C of the modified lipoprotein by macrophages from wild-type mice (CD36 +/+ , filled squares) and CD36-null mice (CD36 -/-, filled circles) were then determined as described in Methods. Data represent the mean ± SD for triplicate determinations of a representative experiment performed at least 3 times. To determine whether an oxidation product of a protein or a protein-lipid adduct was also a potential ligand for CD36 on NO 2 -LDL, we examined the ability of apo B-100 from delipidated NO 2 -LDL to either bind to CD36-transfected cells (using [ 125 I]apo B-100) or to block [ 125 I]NO 2 -LDL binding to CD36-transfected cells. This approach has been used successfully when looking for potential ligands on Cu 2+ -oxLDL for hMDM (57, 59, 67) . We were able to resolubilize delipidated apo B-100 from NO 2 -LDL only after exposure to the MPO-H 2 O 2 -NO 2 -system for approximately 24 hours (i.e., extensive oxidation). Apo B-100 from NO 2 -LDL failed to block the binding of [ 125 I]NO 2 -LDL (Figure 9a) , and [ 125 I]NO 2 -apo B-100 recovered from 24-hour modified [ 125 I]NO 2 -LDL failed to bind to the CD36-expressing cells (data not shown). Because of the potential that detergent in the microemulsions of resolubilized apo B-100 might interfere with the binding assay, we also studied model proteins exposed to the MPO-H 2 O 2 -NO 2 -system and synthetic peptides con- LDL modified by the MPO-H 2 O 2 -NO 2 -system induces lipid loading of macrophages from wild-type mice but not from CD36-null mice. Thioglycollate-elicited MPM from wild-type mice (a and c) and from CD36-null mice (b and d) were grown for 24 hours in RPMI-1640 containing 10% FBS. Cells were then incubated for 72 hours in the same media containing catalase (100 nM), BHT (20 µM), and vitamin E (20 µM) in the presence of the following lipoprotein preparations (75 µg/mL): LDL incubated with isolated human MPO, a H 2 O 2 -generating system (GGOx), and NO 2 -in sodium phosphate buffer (50 mM, pH 7.0) supplemented with DTPA (100 µM) at 37°C for either 8 hours (a and b) or 24 hours (c and d) as described in Methods. Cells were fixed with 4% formaldehyde and stained with hematoxylin and oil red-O. ×300. taining nitrotyrosine as potential competitive ligands. When BSA was modified by MPO-H 2 O 2 in the presence of NO 2 -, extensive nitration of tyrosine residues was observed, as determined by stable isotope dilution GC/MS analyses (nitrotyrosine/tyrosine = 34 ± 2 mmol/mol)-nearly a 100-fold higher level of tyrosine nitration than that observed with NO 2 -LDL under similar conditions (15) . However, a 500-fold molar excess of "nitrated BSA" had no effect on the binding of NO 2 -LDL to CD36 (Figure 9a) . Similar results were obtained using a vast molar excess of a synthetic tri-peptide consisting of glycine-nitrotyrosine-alanine, a potent ligand for antinitrotyrosine antibodies (68 We next sought to characterize the nature of lipid oxidation products that potentially contribute to CD36 recognition using a model vesicle system. Small unilamellar vesicles comprised of synthetic homogeneous phosphatidylcholine molecular species were exposed to the MPO-H 2 O 2 system (± NO 2 -), and then tested for their ability to compete for [ 125 (Figure 10a ). Significant inhibition was observed at concentrations of less than 2 µg lipid/mL, with halfmaximal inhibition at less than 5 µg/mL (Figure 10b CD36) had no effect on the observed results ( Figure  10a ). Collectively, these results support a role for oxidized lipids as the major moiety in NO 2 -LDL that confers CD36-dependent receptor recognition.
Finally, we evaluated the ability of NO 2 -PAPC vesicles to block NO 2 -LDL binding to MPM and hMDM because it appears to be a specific and potent ligand for CD36-dependent recognition ( Figure 11 ). We found that NO 2 Figure   11b ). These results are in agreement with our previous data with the CD36-specific blocking antibody FA6 (Figures 3 and 8) and CD36 -/-MPM (Figures 5 and 6 ). These findings confirm that CD36 is a major macrophage scavenger receptor responsible for the recognition of NO 2 -LDL in murine and human macrophages. 
Discussion
We demonstrated recently that modification of LDL by monocyte-and MPO-generated reactive nitrogen species converts the lipoprotein into a high-uptake form (NO 2 -LDL) that promotes macrophage lipid loading and foam cell formation (15) . The results of this study extend these observations by: (a) identifying the scavenger receptor CD36 as the major pathway for murine and human macrophage recognition of NO 2 -LDL and foam cell formation; (b) demonstrating that the MPO-H 2 O 2 -NO 2 -system of monocytes readily converts LDL into a ligand for CD36 in complex biological fluids such as serum and might thus be a physiologically plausible mechanism for foam cell formation in vivo; (c) demonstrating that conversion of LDL into a ligand for CD36 and loss of LDLR recognition are early events after LDL modification by MPO-generated reactive nitrogen species; and (d) demonstrating that an oxidation product(s) of PAPC serves as a potent ligand for CD36-dependent recognition. Taken together, these results suggest that CD36-dependent recognition of NO 2 -LDL may play a role in lipid accumulation and foam cell formation in human macrophages in vivo.
Interactions between CD36 and NO 2 -LDL were examined in 293 cells that had been stably transfected with the human CD36 receptor. The specificity of binding was confirmed by demonstrating: (a) that no increase in binding was present in vector-transfected control cells; and (b) that a CD36-specific mAb inhibited binding of NO 2 -LDL to CD36-transfected 293 cells by approximately 90%. The potential significance of this pathway for LDL recognition in human macrophages was illustrated with an anti-CD36-specific mAb that blocked approximately 50% of the specific binding, uptake, degradation, and [ 14 C]oleate incorporation into CE pools of hMDM exposed to NO 2 -LDL. It is interesting to note that others have reported that the accumulation of CE mass in hMDM exposed to LDL oxidized by free copper is similarly inhibited (40%) in individuals with CD36 deficiency (44) . Moreover, a dramatic decrease in the binding and degradation of NO 2 -LDL to both thioglycolate-elicited and resident MPM from mice lacking functional CD36 was observed. Finally, the biological significance of CD36-mediated uptake of NO 2 -LDL by MPM was demonstrated by the lack of lipid accumulation and foam cell formation in thioglycolate-elicited MPM from CD36 -/-mice.
The oxidation pathways responsible for converting LDL into a high-uptake form in vivo have not yet been established. Cu 2+ -oxLDL has been used widely as a prototype of LDL modification believed to exist in vivo. Although products of lipid peroxidation formed in Cu 2+ -oxLDL have been observed in human atheroma (29, 69) , the role of free transition metal ions in converting LDL into a high-uptake form in vivo has been questioned (11) (12) (13) . Biological matrices such as serum, plasma, and interstitial fluid possess high levels of proteins that chelate redox-active free metal ions, rendering them redox inactive (11, 12, 70) . Furthermore, recent mass spectrometric studies were unable to demonstrate significant increases in levels of metal ion-dependent protein oxidation products in early atherosclerotic lesions (13) . In vitro studies demonstrate that trace levels of serum or plasma constituents will inhibit LDL oxidation by free copper (11) . Similarly, we observed that in the presence of 5% LPDS, Cu 2+ -mediated conversion of LDL into a ligand for CD36-transfected cells and a high-uptake form for hMDM was totally ablated ( Figure 5 ). In contrast, even at LPDS concentrations as high as 80% (vol/vol), the MPO-H 2 O 2 system used NO 2 -to convert the lipoprotein into a high-uptake form for macrophages (Figure 5c ). These results are consistent with recent LC/MS/MS studies that demonstrate that MPO-generated reactive nitrogen species can initiate lipid peroxidation and form bioactive oxidized lipids in serum (71) . MPO is enriched in human lesions (23) and mass spectrometric studies quantifying chlorotyrosine, a specific marker for MPO, demonstrate that the enzyme participates in oxidative damage of vascular tissues early in the disease process (26) . Isolated MPO (15, 21) , neutrophils (22) , and monocytes (28) can promote aromatic nitration reactions. Furthermore, both immunohistochemical (27) and mass spectrometric studies (25) demonstrate that nitrotyrosine, a global marker of protein damage by reactive nitrogen species, is enriched in human atheroma. The present results further suggest that MPO-generated nitrating intermediates may be one pathway for promoting oxidative modification of lipoproteins and other biological targets at sites of inflammation and vascular disease. As far as we are aware, the present studies represent the first reported mechanism for oxidatively converting LDL into a high-uptake form in the presence of serum or plasma constituents.
Whereas our studies show that LDL modification by reactive nitrogen species formed by either activated monocytes or MPO readily transforms the lipoprotein into a ligand for the scavenger receptor CD36, the biological significance of this pathway in vivo is unknown. The ability of modified forms of LDL to promote accumulation of cellular CEs and form foam cells is widely accepted as an index of the atherogenic potential of a lipoprotein. However, foam-cell and fatty-streak formation are not necessarily pathogenic. Indeed, both foam cells and fatty streaks are commonly observed in vascular tissues of infants and young children (72, 73) , and the critical transition from normal to disease pathology is thought to lie in the mechanisms that permit fatty streaks to progress into more advanced lesions (74) . In fact, the presence of foam cells is not unique to either hyperlipidemia or vascular disease. For example, macrophage foam cell formation is observed in a variety of tissues during chronic inflammatory conditions, particularly where granuloma formation is prominent (75) (76) (77) (78) . It is therefore conceivable that oxidative modification of lipoproteins and cell membranes by the MPO-H 2 O 2 -NO 2 -pathway may participate in foam cell formation in a variety of conditions through a CD36-dependent pathway. It is also possible that MPO-generated reactive nitrogen species may play a protective role under some conditionssuch as in the targeting of trapped or senescent LDL or damaged cells in the subendothelial space for removal by CD36-positive phagocytes.
The biochemical alterations in an LDL particle that occur during oxidation are complex, and the structural changes that promote scavenger receptor recognition are incompletely understood. Multiple lipid and protein components of LDL are subjected to oxidation during modification by the MPO-H 2 O 2 -NO 2 -system (15). The question arises as to which of those components renders NO 2 -LDL a ligand for CD36. A priori, it is possible that modified lipids, modified proteins, or lipid-protein adducts in NO 2 -LDL could serve as ligands for macrophage scavenger receptor(s). For Cu 2+ -oxLDL, it has been shown that all 3 components of modified LDL serve as a ligands for macrophages (57, 59, 67) . Previous studies demonstrated that CD36-dependent binding of Cu 2+ -oxLDL was inhibited by high concentrations (100 µM) of free fatty acids such as oleic acid (34) . Moreover, the ability of CD36 to recognize phospholipid membranes rich in anionic lipids such as phosphatidyl serine has led to the suggestion that the receptor may also function in the recognition of apoptotic particles and cells (35, 36, 38) . Unlike other forms of modified LDL, NO 2 -LDL contains unique structural determinants such as nitrated amino acids (15, 28) and nitrated lipids (D. Schmitt and S. Hazen, unpublished data). The inability of multiple nitrated proteins and synthetic peptides either to bind directly to CD36 or compete with NO 2 -LDL suggests that protein oxidation products may not play a significant role in CD36-dependent recognition by macrophages. Similarly, the lack of inhibition observed with resolubilized apo B-100 from delipidated NO 2 -LDL suggests that putative lipid-protein adducts are either not formed in NO 2 -LDL or are not recognized by CD36. However, it should be noted that the difficulty in resolubilizing apo B-100 after extraction of lipids makes it difficult to totally exclude a potential role for a modified protein or protein-lipid adduct on apo B-100 as a ligand for CD36. The ability of lipid extracts derived from NO 2 -LDL to effectively compete for [ 125 I]NO 2 -LDL binding to CD36-transfected cells identifies lipid oxidation products as at least one class of ligand for CD36 on NO 2 -LDL. Our demonstration that small unilamellar vesicles generated from PAPC are readily converted into potent ligands for CD36-containing cells confirms this hypothesis. It is therefore tempting to speculate that MPO-catalyzed lipid peroxidation may play a more general role in the tagging of phospholipid-containing targets for removal by CD36 positive cells in vivo.
